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I. PURPOSE

The objective of this investigation is to evaluate the varisble

band gap structure GaAs,~GaP, _, with a gallium phosphide surface

1-x
concentration approaching 100 percent, decreasing in concentration

to zero at some discrete depth, and containing a single p-n junction,
The photovoltaic cell was considered the best device form for eval~
uation and has been the principal device form until very recently,

The determination of optimums of diffusion, fesiitivity, doping, min-
imizing junction depths, optimizing contact ohmicity, reducing sheet
resistivity, wmaintaining highest lifetime, etc., have been the chief
practical goals., Evaluation of the appropriate electronic and opticel
parameters was planned and carried out, to define any advantageous
characteristics in spectral respouse, temperaturg performance, carrier
injection, etc, Since some avidence has been observed of improved
characteristics, but the photovoltaic device is uniquely vilnerable

to impurity contamination due to the ahallow‘junctions involved, it

was considered feasible that the inherent advantages of the materials
and structure might be more definitely demonstrable in other davice
forms. A Conference at Evans lLaboratory, Fort Mommouth, N.J., on Feb-
ruary 13, 1963 resulted in mutual agreement to explore a three terminal
device using the same materials systems, The device investigation would
be aimed toward carrier injection improvement, The fabrication of such
a device is within our capabilities, and would exploit all of the tech-

nology accumulated in the esrlier investigations of this structure and

materials system.



I1, ABSTRACT

Compensatior, effects and "scattexr" in device fabrication was traced
to phosphorus impurities during phosphorus diffusion/conversion. Phos-
phorus purification was begun in parallel with batch selection search for
high purity material. In~house purification was helted when high purity
phosphorus was obtained, Induction heating (30 me) of wafers for diffusion
of shallﬁw junctions was carried out with some success, Spectral response
of selected devices were found to be very broad. Principal difficulty
observed was exhaustion of zinc vapor by condensation on the cool wall;
of the diffusion chamber.,

Epltaxial growth of GaP on GaAs was caxried out by two methods, Growth
by iodine transport appesrs better than growth closely adjacent to GaP
synthesis zone, Laue back reflection technique indicates single crystal
structure of both types of epitaxial layers. GaP melt ruhs were success-
ful in producing bulk material as source of epitaxy.

Improved technique and facilities in chemically poliohtng‘GiAl sur-
faces have been established,

Literature search and initial steps towerd fabrication of 3-terminal

~davices begun,



111, PUBLICATIONS, CONFERENCES & REPORTS

Conferences:

A conference was held at Fort Mommouth, Evans Laboratories,

on February 13, 1963, Present were Messrs, Robert Yatsko, Philip
Niwman, and Jemes Kesperis, of Evans Laboratories, and Mr, Louis E,
Stone, of Eagle-Picher Company, The subject of the conference was

the possible choice of an alternmte device geometry to yield more
definite determination of the theoretical advantagea of this mat-
erials system, By mutual agreement, as a result of careful dis-
cussion, a device was decided upon, The proposed device would be

of a 3-terminal nature., Principal practical goal would be to show

by davice transfer characteristics an improvement in carrier injection

efficiancy, The conference was informative and very useful,

Reports:

Monthly Letter-Iype Reports ¢#8 and #9 were submitted on schedule,



A,

1V, FACTUAL DATA

INTRODUCTION:

Progress in fabrication of variable gap structures arrived at the
stage where compensation affects of phosphorus impurities were limiting
further progress and producing scatter in data, This compensation was
also grading the junctions and making difficult, if not imposeible, the
object of achieving a junction in the upper portions of the GaP structure,
Thus, affort in this work period was aimed at eliminating such impurities
and improvement in diffusion techniques toward high temperature, short time
diffusion to achiaeve shallow high carrier density junctious,

Parallel studies to obtain melt grown GaP ingots as source material
for epitaxial growth of GaP layers on GaAs were carried out, Some success
was obtained in each category.

Improvement in chemical polishing techniques were made and describ-

ed herein,

Phosphorus Purity.

Previous studies indicace& that diffusion of phosphorus produced a GaP
layer which was compensated to some degrae, In extreme cases, aspecially
in the long time high pressure diffusions, type conversion to p-type oc~
curred. Even in short time diffusions the affect of partial compensation
could be observed and produced scatter in device parameters, A secondary
effect was noted in that the finished junction was graded to some degree,
rather than being abrupt as desired, Spectrographic analyses of semicon~

ductor grade phosphorus indicated wide variations in impurity levels from

- 4 -



batch to batch obtained from the same company, Phosphorus obtained from
a second source also indicated unsatisfactory levels of impurities, " ble I

illustrates typical values in parte per million,

TABLE T

Spectrographic Analysis of Phosphorus Lots -« Parts Per Million,

Sample Source _ Mg Pb si Fe Al Cu_ _Ca Others
M6207 8Q A 3 1 40 1 5 1 1 -

- M6212 BW A 20 2 100 10 10 2 50 32
M6212 AP B 20 3 100 5 5 2 10 36

An effort was made tc jurify the phosphorus by sublimetion, Sublima~
tion was carried out under vacuum conditions in quartz, and condensed at a
cool rone; also by passing the phosphorus vapor through & heated, fused
silica jet and condensed at a cold zone, Samples of starting material
(M6212 AP) and the sublimed material (M6212 BM) wera aubmitted for spectrow
graphic analysis. Ths phosphorus (M6212 BM) sublimed through a heated jet
was higher in impurity levels than that sublimed without passing through
the hot zons. Both were significantly higher than the starting material,
&8 indicated in Table II,

TABLE 11

Spectrographic Analysis Before and After Sublimation,

Parts Per Million

LM Pb Si Fe Al Cu Ca_ Others

‘M6212 AP (Before), 20 3 100 5 5 2 10 36
M6212 BM (After), 100 400 5% 1000 5000 50 2% 180

Further effort at aublimation in stainless steel had been planned.

However, in parsllel with in-house efforts, a program of selsctive "batch"



c.

sampling was made from the commercial source "A", Several lots were obtaine
ed at this point, which were of extremaly good quality, as indicated in Table
IIT. The values in parts per million, are eassentially the spectrographic
limits of détection. With the acquisition of this material further in-house
purification efforts were halted.
’ TABLE III
Spectrographic Analysis of New Lots of Phosphorus,

Parts Pex Million

Mg Pb. S Fe Al Cu Ca Others

M6302 AA 05 wm=e <5,0 <1,0 <2,0 <05 <0,5 -
M6301 CB < 0e5  wume 2,0 == <1,0 =en <0,5 -

Diffusion by Induction Heating,

The importance of creating a very shallow (less than l-microm) junction,
having very high density of zinc carriers, was emphasized by the imposed lime
itation that no etching procedures be used to optimize performance of the
photovoltaic device, The studies made of zinc diffusion indicate tempera=
tures of the order of 800°C, coupled with short, precise diffusion time,
would be productive, A disadvantage of conventioral furnacing techniques is
the significant time required for the specimen to reach furnace temperature,
and the cooling effect on the furnace of inserting a cold boat, specimen and
dopant therein, Additiocrally, conventioal furnacing produces an environment

wherein the specimen is coolzr than the surroundings, encouraging the dif-

"fusion of contaminants in it,

The use of induction heating appeared attractive, providing direct

coupling into specimens, without the uge of a susceptor such ae graphite,



could be achieved, The geometry of the necessary work coil predicated
frequencies of the order of 30 megacycles as necessary to achieve an ac~
ceptable heating efficiency., An induction heater of this frequency range
was acquited. Figure 1 illustrates the generator, front view, and Figure
2, the sidg view., Figure 3 illustrates the work coil, boat and substrates,
preparatory to diffusion, Figure 4 indicates the appearance of boat, etc.,
subsequent to diffusion. Hydrogen gas atmosphere is used. GaAs was made
to suscept directly, and the direct heating does produce several distinct
advantages. fhe substrate can be raised easily to over_800°c in g matter
of ten sgconds; the quartz walls and boat, except in direct contact with
the specimen (or a conductor) remains cool, One disadvantage observed was
that rectangular specimens tend to heat unevenly, beiﬁg significantly high=
er in temperature at the edges:, This was conveniently eliminated by the
use of a graphite button support for the specimen. The graphite buttom
was baked out at 1200°C for 30 minutes before use, Original plans were to
use an organic zinc compound (Di-methyl Zinc) as a source of dopant, de-
composing it at the hot substrate, This proved hazardous and an alternate
zinc source necessary. Two methods were used, both acceptable, but not
entirely satisfactory. Zinc was vaporized from the surface of a graphite
susceptor, upstream from the substrate, Figure 4 illustrates zinc diffus-
ed from a previously prepared GaAs~-zinc alloy, These methods provide an
acceptable, but not ideal, uniform vapor concentrations at the specimen.
éeveral very good diffusion runs were made using this technique., Temper-
"atures used were 750°C to 800°C, for periods of two to five minutes, The
time interval is quite sharply defined by the rapid heating énd cooling

characteristics,



FPigure 2. High Frequency Induction Heater,(Side View).



Figure 3. High Frequency Work Coil, Boat and Substrate Before
Diffusion.

Figure 4. Boat and Substrate After Diffusion.



D,

Epitaxial Growth Studies,

Two methods ofiepitaxia}fgrowth have been explored briefly., The first
method incorporates the same general system used in synthesizing the GaP,
i.e., Gazo3 at a temperature of the order of 900°C, with phogphorus vapor
passed over it, using hydrogen as a carrier gas. (Some mention of this
method was made in the Second Technical Summary Report(l). The substrate
was placed closely adjacent to the synthesis zone, and its temperature es-
tablished, by means of a heat sink, at a value 50 degrees cooler than the
synthesis zone, Figure 5 illustrates the essential components of the system.
Experiments were carried out under similar conditions, with similar temper-
ature gradients as indicated in Table 1V,

TABLE IV

Epitaxy GaP on GaAs using Ga203 - Phosphorus Vapor,

Group Temp, °C Temp, °C Time X-Ray & Optical
Numbers Gas0q Substrate Minutes Analysis
1 950°C 910°C 120 Good Growth
2 800°C 765° 120 No growth,

Laue x~ray patterns made on specimens of Group #1 indicate the growth'-
to be single crystal in structure, as illustrated in Figure 6. The surface
of the wafer was lightly textured in sppearance by optical microscopy, and
semi-transparent., (bserved under polarized light, any surface ngage reveal~
ed a characteristic orange color. Specimens of Group #2, by optical micro-
scopy exhibited only scattered, tiny, nucleated crystals and etched chemic~
ally much the same as a control blank of GaAs only, The surfaces of Group
#2 were covered by an encrusted Ga203 and GaP powder layer, which removed
easily, These factors imply that this system requires tempeutureé above

850°C, a higher temperature than other techniques,

- lo -
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Figure 6. Laue X~-Ray Pattern of 910°C Specimen.

The second method explored briefly was by iodine transport, in a geal-
ed evacuated ampoule. The components of this system is illustrated in Fig-
ure 7. The substrates, source and elemental iodine, in a sealed ampoule was

placed in a multiple zone furnace and a suitable temperature gradient imposed,
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E.

Table V describes temperature schedules of two epitaxial rumns using this
method, System pressure was approximately 1 mm of iodine vapor.
TABLE V

Iodine Epitaxy Schedules,

Epitaxial
~Jtem _ Source Temp, Substrate Temp, Time Grouth
Group 2, 840°C 700°C 120 Minutes .~ 60 Microns
Group 3, 700°C 630°C 15 Minutes -

Results of the higher temperature run appear good, The low temperature
run wvas carried out to determine the minimum of time and temperaturé.
Growth was scattered, having the appearance of a deposit, Some small in-
crease in temperatures must be contemplated, however, the technique appears

attractive,

GaP Melt Growth Studies.

The need for high purity GaP for epitaxy, important for comparison of
unijunction devices, is vital for the continuation of work on a 3-terminal
device. Therefore some effort hﬁé been made during this work period to pro-
duce ingots of homogeneous, stoichiometric GaP ingots, of single crystal
structure, The GaP, synthesized by passing phosphorus vapor over high
purity 68203 in a stream of hydrogen gas, is sintered at 1000°C for eight
to ten hours to remove all volatile, non-reacted components in the material,
and provide some aggregation in size, This charge is compacted, sealed in
a fused silica ampoule, and place&.in a high pressure furnace, illustrated
in Figure 8, The charge is raised slightly above the melting point of GaP,
held for one hour and cooled by slowly withdrawing from the hot zone, at a
rate of approximately 0,013 inches per hour., The melted ingot is cooled

slowly to approximately 600°C, then rapidly cooled to room temperature,

- 1% =



Figure 8. High Pressure, High Temperature Furnace.

Figure 9 illustrates such an ingot 28 grown. The ingot is etched
briefly in dilute aqua regia and sliced. Typically, the ingot is clear
except for the very top (The last end to solidify). Segregation effects
usually produce a dark layer at the top, which includes any excess gallium
or decomposition products. On occasion, where unreacted G8203 remained in
the charge, gallium inclusions have been observed in the top layer. Typic~
ally, the bottom sections are of multi-crystal structure, with crystallite

growth expanding rapidly, so that the central portions are often of less

- 15 -



Figure 9, Melt Grown Ingot of GaP. (3x enlarged).

than four individual, twinned crystals. Crystal growth becomes granular
or multi-crystal at the very top if significant inclusions are present.
Crystal growth appears to be 1:1:1, preferentially. Figure 10 illustrates
.lices,unpolished to more clearly define crystal structure, of two ingots.
Photography was by transmitted light. The bottom and top slices of the
bottom series appear dark due to surface reflection; the material was

essentially clear.



T A

\Figure 10. Slices of Two GaP Ingots by Transmitted Light.
(1 1/2x enlargement) )

Spectro analysis indicates a wide range of total impurities, principally
silicon. Total values of all impurities have ranged from a minimum of 1,6
PPM to 5000 PPM. Other than silicon, maximum total impurities have been less
than 55 PPM. The high value of silicon is related to the amount, if any, of
excess or decomposed galiium present, and its consequent attack of the silica
container. When the charge has included unreacted G3203, silicon content is

high, otherwise it is acceptably low.

- 17 -
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Unijunction Devices,

Approximately 30 unijunction devices of variable gap and single gap
structure were fabricated during this work period. The principal object
of these was to evaluate the high temperature induction heating technique
of zinc diffusion, For this reason, evaluation was chiefly concerned with
© eet resistance of the diffused layer, diode characteristices and spectral
response., Initial results were poor, due to poor regulation of zinec vapor,
Sheet resistances were of the order of 1500 ohms per square, Use Sf aaheav-
ily zinc alloyed GaAs chip as a zinc source gave improved results, Sheet
resistances of the order of 50 chms per square were achieved, with corres-
ponding improvement in diode characteristics, Spectral response and diode
characteristics equal to the diffused type junctions were obtained in varisble
gap and single gap structures., Typical diffusion schedules were 750°C for
four minutes, .

Spectral response of variable gap devices #491 and #496 are illustrated

in Figure 11, Of special 1nteré§£ is the very good response in the 0.5 to

. 046 region, with GeP layers of approximately 2-microns depth and the junc-

tions le-micron deeper. Figuré 12 1llustrates diode characteristics repre-
gentative of these structures, Forward slopes are acceptably steep; some
legkage currents are evident in the reverse curves, Edge etching appears
to reduce this leakage and indicates it is probably due to damage from

lapping the edges.
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Figure 11, Spectral Response of Variable Gap Structures.
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Three-~Terminal Devices.

Following the decision to investigate 3-terminal devices, effort was
immediately directed toward fabrication of small area junctions, of the
order of 1 x 2 mm size., Contact masking techniques for fabrication of mesa-
type devices are presently being used to evaluate the junctions individually.
Figure 13 illustrates a pattern of rectangular platinum contacts sputtered
on two GaAs wafers., The rectangular geometry is for convenience only, cir-
cular masks are being prepared for subsequent use, These contacts are coat-

ed with zinc alloyed solder by dip soldering.

l’lll l,l,l'l,lll"'l’l’l‘llli‘

4 a~ i2362024

FPigure 13. Sputtered Diode Pattern on GaAs Substrate,
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Figure 14 illustrates a wafer with dip soldered pattern of contacts,
The contacts are satisfactory in themselves as masks for the subsequent
etching of mesas. Mesas are etched by a 70% HZSOQ, 15% Hy0p (30%), 15%
HyO solution. Individual dies are scribed from the pattern, and evaluated

separately.

'l|l|l|l|l‘|lllll

IZ‘

Figure 14. Dip Soldered Contact Masks Prior to Etching of Mesas.



Initial GaAs diodes were of n-type, 0.004 ohm-cm materisl. Zinc was
diffused 900°C for 10 minutes to produce & junction of the order of pu.icrons
deep., Mesas, approximtciy 0,_016 Iinc.hu high were etched as described.. In-
dividual dies were sectioned, cc.mucted snd evaluated. EKxcellent d:lc’;dc char-
acteristics were obcai:;ed, as 111ultra.ted in rizure‘ls.

Contacting and. alloy junction studies are in progress, but incomplete
at this time, uore'complc‘te and precise report on this phase will be made

at the end of the next work period.
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riﬁurc 15, Diode Characteristics of Diffused Mesa Diodes.
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Chemical Polishing and Etching,.

The need for removal of damiged layers, and etching of mesa structures
has resulted in the construction of a plece of apparatus for these purposes,
The device is pictured in Figufe 16. A Cenco Magnetic Stirrer is housed in
a frame having a hinged top structure, The top structure has a 3-speed, re«
versing motor assembly mounted on it with a shaft terminating in a polyvinyl-
chloride cylinder, arranged to place the cylinder near the side walls of a
glass vessel containing the etchant and stirring rod, The subjects to be
polished or etched are mounted with a low temperature adhesive, face down
on the bottom surface of the polyvinyl~chloride cylinder, vertically orient-
ad to clear the rotating stirring rod by approximately 1/8~inch, Specimens
are routinely rotated oppositaly in direction té the stirring rod for periods
of tha order of 30 minutes, Commonly, etchants such as “2804'H2°2'H2° sol-
ution, or 10-20 percent bromine in methyl aleohol are used, Resulting sur-
faces are highly polished, (although not necessarily optically flat), un-
damaged and free of any oxide layers, The etchant, although not prefer-
ential, readily outlines any structural defects or anomalies, The same pro-
cedure is readily adaptable to mesa-etching. In this case, more concentra-

ted solutions are used to expedite the dissolution of material,



Figure 16. Chemical Polishing/Etching Apparatus,
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V. SUMMARY

Considerable improvement in phosphorus purity has recently been made
by careful selection of commercial material., The improved purity levels
produced significantly less compensation in phosphorus diffused variable
gap structures, The increased quality is expected to aid in the production
of high purity GaP material for subsequent work,

The use of high frequency induction heating for diffusion and alloying
offers significant advantages, although some further improvement in gener~
aticn of vapor source techniques for the diffusion process could be made,

Epitaxial layers can be grown by simultaneous Ga,0 synthesis~epitaxial

3
growth techniques, Rather high temperatures are required; substrate tempera-
tures affect growth rates, and reproducibility is judged poor. Epitaxy by
iodine transport was carried out successfully; temperature reyuirements ap~
pear less stringent and are lower, Iodine or HCL transport are considered
the more productive techniques,

The gallium phosphide melt growth technique has been improved and can
produce acceptable material for epitaxy and/or direct device study, Signif-
icant improvement in ingot size and quality has been achieved,

Unijunction device structures were improved through use of higher purity
phosphorus, Although effort is now directed toward 3-terminal devices, the
use of the improved variable gap structure is feasible and available if de-
sired. Initial exploration of 3-terminal structure is under way, and with
the technology accrued thus far, may be expected to produce progress,

The mechanical apparatus and technique described herein for chemical

polishing and etching is effective and efficient, and represents an improve-

ment in uniformity énd quality of device surfaces.



VI, FUTURE STUDIES

Future studies are plamnned to investigate the general efficiency of ‘

photon generation in two and three terminal devices, comprised of the gal-

lium phosphide~gallium arsenide system, These studies are intended to dz~

termine the quantum efficiency, spectral distribution, ete., of such gener-

ation processes, Further data are to be.obtained on the absorption and col-

lection characteristics of a second sub-junction, with respect to doping

levels, depths, etc,

Specific studies include the following:

(a)e
(b).
(C)o

(d) .

(e)e

Formation of "p" junctions in "n" type GaAs capable of generating
photons under electric field excitation, and evaluation thereof.

Both diffused and alloyed junctions are contemplated.

A study similar to the above, but involving opposite material types,
Formation of p-n and n~p junctions in gallium phosphide,

Epitaxial growth studies intended to produce single crystal layers

of gallium phosphide, of selected type conduction, and GaAs substrates
of suitable type conduction,

Junction formation in device structure produced as per Item "d" to
culminate in an effective 3-terminal device,

Cognizance is taken that the sbove mentioned studies, carried out in

detail, might be optimistic in so far as time is considered., It is con=

sidered that significant data on several of the studies have already accrued

in the course of thie investigation; some phases may be decided without ex-

tensive, exhaustive investigation and thus permit conclusive results,
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Engineering Time Expended from November 1, 1962 to February

VII1, PERSONNEL

1, 1963;

LES/tPo

Louie E, Stone, « ¢« o ¢ o o
George N, Webb, o o o o o ¢
William A Ames,o 4 e o o @

J. S, Roderi.que,. LIS S}

. Harold L. Al].en.o e s o v o

LlOYd We BYow, o o o o o o
John C, Budiaelic,. )

Total Hours,

432 Hours
420 Hours
67 Hours

. 120 Houxs
1 Hour

24 Hours

11 Hours

1,075 Hours
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